to study K1 as representative of this group and to compare it with K28, which has a different primary receptor and a unique mode of action. 
. Spherotheir own toxins but remain sensitive to those of other plasts are more sensitive to killer toxins than are whole killer types. S. cerevisiae killer toxins are encoded by cells, and spheroplasts of all described kre mutants linear, double-stranded M-dsRNA viruses that replicate retain normal toxin sensitivity. Thus, binding to the cell stably within the cytoplasm of the infected host cell as wall glucan is presumed to be required for access to satellites of the L-A dsRNA virus. Since uninfected wildthe plasma membrane target. The resistance in whole type strains are sensitive, killer viruses self-select by cells conferred by these kre mutations is saturable, conkilling any virus-free segregants. Three distinct killer visistent with significant residual cell wall affinity for K1 ruses (ScV, for S. cerevisiae virus) have been well chartoxin in these mutants; presumably, higher toxin conacterized: ScV-M1, ScV-M2, and ScV-M28. These centrations can still reach the membrane target. In conviruses contain the M1-, M2-, and M28-dsRNAs, respectrast, immunity confers resistance to all levels of toxin tively, and analysis of cDNAs shows that each contains in both whole cells and spheroplasts. Because of these a single open reading frame encoding both the precursor observations, the existence of a specific and essential of the secreted K1, K2, or K28 killer toxin and specific secondary plasma membrane toxin receptor was postuimmunity to that toxin (for reviews, see Schmitt and lated; immunity was proposed to result from loss of this Eisfeld, 1999; Wickner, 1996; Wickner et al., 1995; Tipper receptor in killer cells due to its interaction with protoxin and Schmitt, 1991) . Because the K1 and K2 killer toxins during secretion, leading to diversion to the vacuole share primary cell wall receptors and have a mode of (Sturley et al., 1986; Tipper and Schmitt, 1991 assayed by the well test (standard deviation from three independent experiments was Ͻ10%).
The C-Terminal 88 Amino Acids of Kre1p
Are Sufficient to Target K28-Kre1p to the Yeast Plasma Membrane gion, with a substance P epitope and showed that the fusion protein (Kre1p-SP) was secreted into the medium. Because the K28-Kre1p fusion contains epitopes dedicted for the product of release of the fusion protein by cleavage of the GPI anchor ( Figure 3C ). Most of the tectable with polyclonal antiserum raised against the K28 ␣/␥-peptide (Eisfeld et al., 2000), we were able to rest cofractionated with the remaining plasma membrane fraction as a species whose apparent size was determine its location by Western blot analysis. As shown in Figure 3B , K28-Kre1p was detected in lysates 48 kDa, consistent with retention of a GPI anchor ( Figure  3C ). This lane corresponds to considerably more cells of mechanically broken cells with an apparent molecular weight of 12.5 kDa, slightly larger than predicted for the than shown for the cell wall-associated fraction. Based on staining intensity, we estimate that these fractions correctly processed fusion protein. A minor fraction of K28-Kre1p was secreted into the culture medium (Figure contained roughly equal amounts of the K28/GFP/Kre1p fusion. We therefore conclude that the fusion protein 3B), in contrast to the K28 toxin fragment lacking the attached Kre1p C-terminal fragment, which was effiand, by implication, Kre1p itself, has two components: one GPI-linked to the plasma membrane and the other ciently secreted into the medium (not shown). No signal was detected in the untransformed control (not shown).
covalently linked to the cell wall glucan, as previously predicted (Roemer and Bussey, 1995; Hamada et al., To further confirm the cellular localization of K28-Kre1p, we constructed a fusion in which the green fluo-1999). Furthermore, all of the Kre1p localization signals, for both membrane insertion and transfer to the wall, rescent protein GFP was cloned in frame at the BamHI site linking the N-terminal fragment of K28 preprotoxin are contained within its C-terminal 88 residues. and the C-terminal fragment of Kre1p ( Figure 2C ). Laser scanning fluorescence microscopy revealed that the reThe C-Terminal Kre1p Fragment Restores K1 Toxin Binding and Sensitivity of a ⌬kre1 Null sulting K28/GFP/Kre1p fusion, expressed in a ⌬kre1 null mutant, was localized to the cell surface, as expected Mutant, but Only in Spheroplasts Because our data suggested that the GPI-linked form ( Figure 3A) . Moreover, Western blot analysis using commercial antiserum to GFP for detection showed that of Kre1p might be the membrane receptor for K1 toxin, we investigated the effect of expression of K28-Kre1p a major component of this fusion protein remained attached to cell walls washed with 2% SDS but was on sensitivity to K1 toxin. The SEY6210 [⌬kre1] null mu-strain raised toxin binding in whole cells to the level seen in Kre1 ϩ wild-type cells ( Figure 1A) as expected, since normal sensitivity is also restored. ␤-1,6 glucan content, 54 g/mg cell wall dry weight in the ⌬kre1 strain, was restored to 91 g/mg, slightly above the normal level (84 g/mg), consistent with normal Kre1p function, toxin binding affinity, and sensitivity. In contrast, expression of the K28-Kre1p fusion failed to increase toxin binding to whole cells; binding remained at about 10% of the level seen in the complemented strain ( Figure 1A ). As expected, wall ␤-1,6 glucan content remained unchanged at 54 g/mg, consistent with the predicted lack of enzymatic function in the C-ter- Figures 4A and 4C) . However, while expression of the truncated K28-Kre1p fragment failed As shown in Figure 5A , all toxin activity eluted in fractions 10-11 corresponding to 0.4-0.5 M NaCl. The zone to restore detectable sensitivity to intact cells (not shown), sensitivity in spheroplasts was fully restored size corresponded to full recovery of the 1 ng of toxin originally bound to the column. These same combined ( Figure 4D) . Interestingly, overexpression of neither fulllength Kre1p nor K28-Kre1p from these YEp vectors in fractions also contained all of the eluted T7-Kre1p (Figure 5B, lane 4) . The band in this lane was derived from the Kre1 ϩ wild-type significantly affected K1 sensitivity in either whole cells or spheroplasts, suggesting that the pooled eluates from six column runs. The signal was close to that observed for 10 ng of T7-Kre1p in the either the amount of GPI-linked Kre1p at the plasma membrane surface cannot be increased or that this is control lane 3. The combined eluates from 6 column runs lacking bound toxin are shown in lane 5. The pustunot rate limiting for the lethal action of K1 toxin. Expression of these constructs also failed to affect immunity lan matrix alone, in the presence of concentrated culture supernatant from a nonkiller strain, or in the presence in a killer strain (not shown).
Expression of full-length Kre1p in the SEY6210 [⌬kre1] of 1 ng of K1 toxin inactivated by mild heat treatment 
C) K1 toxin (4 ng) was bound to a column of pustulan-sepharose and used to bind 5 ng of K28-Kre1p present in 10 mM McIlvaine buffer (pH 4.7). Bound toxin was eluted as in (A). Fractions 10-11, containing all of the eluted K1 toxin activity, were pooled from 6 column runs, ethanolprecipitated, and analyzed by Western blot probed with a polyclonal antibody against the K28 ␣ moiety (Eisfeld et al., 2000)
. Lane 6, the pooled eluates; lane 7, pooled eluates from six columns lacking bound toxin.
failed to bind detectable quantities of T7-Kre1p. We are activated by K1 toxin in membrane patches from either yeast cells or Xenopus oocytes expressing these conclude, therefore, that approximately 2 ng of T7-Kre1p binds per ng of bound toxin, indicating approxichannels and suggested that they are important lethal targets for K1 toxin, independent of any additional remate stoichiometry, since the molecular weights are 33.5 and 18.5 kDa, respectively. ceptor. Their hypothesis was supported by an assay Using the same procedure, we also demonstrated that that showed a modest decrease in toxin sensitivity in retention of K28-Kre1p on a pustulan column was de⌬tok1 mutants grown in mixed culture with a killer strain. pendent on the presence of prebound active K1 toxin However, the efficiency of killing under these conditions ( Figure 5C ). The fraction eluted at about 0.5 M NaCl is low because of the modest concentrations of secreted containing all of the active toxin also contained the active toxin present, and the assay is consequently imeluted K28-Kre1p (12.5 kDa), detected by Western blot precise. Moreover, since we observe very high resisusing antiserum to the K28 ␣ toxin moiety ( Figure 5C , tance in spheroplasts of ⌬kre1 mutants and Tok1p is lane 6). No binding occurred in the absence of toxin presumably still present in these membranes, it seems (lane 7). unlikely that Tok1p is an important direct target of K1 toxin action. We therefore used the far more accurate and reproducible well test to compare toxin sensitivity Deletion of TOK1 Encoding the Tok1p K ؉ in a ⌬tok1 mutant and its TOK1 parent. We were unable Channels Affects Neither K1 Toxin to detect any difference ( Figure 6A ). In a more recent Sensitivity Nor Immunity paper, Sesti et al. have demonstrated that exposure of The mechanism of toxin immunity remains unknown. membrane patches containing Tok1p channel to K1 The high toxin sensitivity in spheroplasts from sensitive toxin on their cytoplasmic face prevents activation by cells and the complete resistance seen in immune sphetoxin on their external face (2001). Based on the assumproplasts implies the existence of a membrane receptor tion that these channels are a major lethal target, they that is either masked, mislocalised, or destroyed in imsuggested that immunity results from cytoplasmic intermune cells (Sturley et al., 1986 ). Kre1p appears to be action of toxin in killer cells with this channel. Although the primary membrane receptor, but is neither the lethal activation of Tok1p channels may be prevented by this target nor the target of the immunity mechanism, immechanism, neither toxin secretion nor immunity was plying the existence of a downstream membrane comdetectably affected by a ⌬tok1 mutation in cells expressponent that fulfills these functions (see Discussion).
ing the K1 preprotoxin gene from a cDNA plasmid copy Ahmed et al. (1999) showed that the plasma membrane Tok1p potassium-selective ion channels of S. cerevisiae (Figures 6B and 6C) . those apparently lacking all function in ␤-1,6-D-glucan synthesis, it seemed probable that the critical difference between the null allele and kre1-12 is not absence of Discussion function but lack of a GPI-linked form of the protein which could act as an essential plasma membrane reThe mechanisms of specific immunity to their own toxins ceptor for K1 toxin.
To test this we constructed K28-Kre1p, a fusion of conferred by expression of K1, K2, and K28 preprotoxins Immune cells and spheroplasts have normal binding saturation of the machinery for transfer to the glucan due to expression from the strong constitutive PGK proaffinity for K1 toxin (P. Compain, K. Schleinkofer, and M.J.S., unpublished data), implying normal levels of GPImoter. Expression of K28-Kre1p in a ⌬kre1 null mutant had no effect on the resistance of whole cells to K1 linked Kre1p membrane receptor and Kre1p function in glucan synthesis. Immunity, therefore, does not result toxin, the ␤-1,6 glucan content of cell walls, or their affinity for toxin, demonstrating the predicted lack of from loss of the membrane receptor, as predicted by our original hypothesis (Sturley et al., 1986) , but must Kre1p function. However, the fusion protein still bound toxin, and both toxin binding and sensitivity of spheroaffect some step downstream of binding to Kre1p. As illustrated in Figure 7 , action of K1 toxin is initiated by plasts was fully restored to wild-type levels. Toxin binding by spheroplasts, therefore, does not require Kre1p binding to the cell wall glucan which concentrates toxin, promoting transfer to the GPI-linked Kre1p secondary function in glucan synthesis, so cannot be due to Kre1p-modified nascent membrane-associated glucan. Kre1p, receptor at the plasma membrane. Binding to that receptor is required for subsequent energy-dependent therefore, appears to play two roles in sensitivity to K1 toxin. Its function in synthesis of the ␤-1,6-glucan is toxin interaction with undefined primary effectors leading to disruption of transmembrane ion gradients. Unlike required for high affinity binding of toxin to the cell wall, Kre1p-independent access to the unidentified primary of toxin for 10 min at 4ЊC (Al-Aidroos and Bussey, 1978). Toxin K1 toxin was prepared as described by Pfeiffer and Radler (1982) activity remaining in the supernatant was tested by the killing zone using S. cerevisiae strain T158C (MAT a his4C-864) as K1 toxin assay, and bound toxin was calculated from the difference, as deproducer. In brief, strain T158C was grown at 20ЊC in synthetic scribed previously (Schmitt and Radler, 1988) . Binding of K1 toxin B-medium. Stationary growth phase cell-free culture supernatant to spheroplasts was determined in the same way, except that sphewas concentrated 1,000-fold by ultrafiltration using a Sartorius ultraroplasts were incubated in 100 mM McIlvaine buffer (pH 4.7) confiltration system (SM 16525) and trifluoracetate-membranes with a taining 1.2 M sorbitol as osmotic stabilizer. ␤-1,6 glucan content molecular cutoff of 10 kDa. These K1 toxin preparations were filter was determined as described by Boone et al. (1990) . Data are the sterilized and kept frozen at Ϫ20ЊC. Diploid strains are normally used average of at least three determinations. as toxin source in killer assays to avoid the potentially confounding growth-inhibitory effects of mating pheromones. Use of MAT a strains as targets in critical assays of sensitivity described here Binding of T7-Kre1p to K1 Using avoided this problem. In addition, ultrafiltration should have rea Pustulan/Sepharose Column moved a-factor from these preparations. They had no effect on MAT Pustulan (Roth, Germany) was coupled to epoxy-activated sepha-␣ immune cells, demonstrating the absence of significant a-factor rose 6B (Amersham-Pharmacia) according to manufacturer's inactivity. Toxin activity was tested against S. cerevisiae LL20 (MAT structions. A 2 ml bed-volume column was equilibrated in 10 mM ␣ his3-11,15 leu2-3,112 can1 gal1) as sensitive lawn, as previously McIlvaine buffer (pH 4.7). Samples were loaded in the same buffer described (Schmitt and Radler, 1987) . Killer toxin activity is exand eluted with a linear gradient of up to 500 mM NaCl in the same pressed in arbitrary units (Schmitt and Tipper, 1990); 10 4 units of buffer. Fractions of 1.5 ml were collected. To test for eluted toxin, K1 toxin correspond to about 1 ng of pure toxin and give a growth fractions were dialyzed against 10 mM McIlvaine buffer (pH 4.7), concentrated, and applied to MBA plates (pH 4.7) seeded with the inhibition zone of 16 mm on this strain.
